Objective: To investigate the trace element transfer from the mother to the newborn. Design: The concentrations of the eight essential elements calcium (Ca), cobalt (Co), copper (Cu), magnesium (Mg), manganese (Mn), molybdenum (Mo), tin (Sn), and zinc (Zn), and of the non-essential and toxic elements barium (Ba), beryllium (Be), bismuth (Bi), cadmium (Cd), cesium (Cs), lanthanum (La), lithium (Li), lead (Pb), rubidium (Rb), antimony (Sb), strontium (Sr), and thallium (Tl) were determined in umbilical cord (n 29) and corresponding maternal sera (n 29) as well as in colostrum (n 27). Results: Umbilical cord serum concentrations of Ca, Mn, and Zn were 120%, 150%, and 148% of the maternal value, respectively. Maternal sera had twice the Cu concentrations found in healthy adults and ®ve-times higher Cu than umbilical cord sera. Concentration ratios colostrumamaternal serum and colostrumaumbilical cord serum were approximately one for Co, 1.4 for Mg, two for Ca, Mn, and Sn, ®ve for Cu (maternal serum), eight for Mo, and ten for Zn. Concentrations of the toxic elements Cd and Pb decreased in the order colostrum (Pb 2.6 mgaL; Cd 0.6 mgaL), maternal sera (0.8 mgaL; 0.3 mgaL), umbilical cord sera (0.4 mgaL; 0.2 mgaL). Maternal serum Ba and Rb was 182% and 66% of the umbilical cord value. For Sr and Li, an almost perfect correlation between umbilical cord and maternal sera was found. For Ba, Co, Cu, Mn, Zn none, and for Ca, Cs, Mn, Mo, Rb only weak positive correlations between these two compartments could be established.
Introduction
Currently, the ®fteen trace elements Co, Cr, Cu, F, Fe, I, Mg, Mn, Mo, Ni, Se, Si, Sn, V, and Zn are claimed to be essential for the human organism (Seiler et al, 1994) . Inadequate intake of these elements causes de®ciency diseases. Other elements such as Cd, Hg, Pb, and Tl are mainly known for their toxicity. However, even essential trace elements may become toxic at high doses (Wertz, 1993) . Human health can be maintained only, when the intake of food, water, and air provides the optimal daily doses of all essential (bulk and trace) elements and delivers only ineffectual doses of toxic elements. However, the group of elements investigated should not be limited to those elements now known to have biochemical functions or harmful effects; it should include also elements that Ð yet unknown to us concerning their biological signi®cance Ð are components of a normal diet.
Blood is the medium for the transport of trace elements and can be easily collected. Therefore, whole blood, plasma, and serum are generally convenient samples for the determination of the trace element status of a person. A number of investigations have been carried out over the years to assess reference values for trace elements in these body liquids (Caroli et al, 1994; Krachler et al, 1997a and b, Ru Èkgauer et al, 1997 . Almost all studies concentrated on the trace element status of adult subjects. However, trace elements in umbilical cord sera of newborns have different concentrations compared to the sera of infants and of children or of adults, and may re¯ect the trace element status of the mother (Schramel et al, 1988a and b; Bra Ètter et al, 1991; Lombeck and Fuchs, 1994; Frkovic et al, 1996; Schumacher et al, 1996) .
Human milk is normally the only source of food for fullterm infants during the ®rst four to ®ve months of their life and consequently must contain all necessary nutrients (lipids, proteins, lactose, vitamins, and inorganic components) at the required concentrations. However, the daily doses of trace elements that are optimal for infants are still under debate (Chierici et al, 1994; Lo Ènnerdal and Hernell, 1994) . Infants grow rapidly and need more nutrients including trace elements per kg body mass than adults. Suf®cient evidence exists, that suboptimal intake of essential trace elements retards growth, causes anaemia, in¯u-ences the immune system, and impairs organ functions (Hambidge et al, 1972; Chandra, 1980; Failla et al, 1988; Takada et al, 1992) .
The newborn has to develop its own regulation of the metabolic processes in early infancy. Included in the anabolic structure are the digestive system, the respiratory chain, and the endogenous defense system. In addition, the newborn has to develop the ability to synthesise essential compounds from the nutritive¯uid, as well as the ability to concentrate waste material in the urine. Apart from other nutrients, an adequate supply of essential trace elements is required to ensure optimal development of all metabolic functions (Bra Ètter, 1996) .
The present study aims to elucidate the transfer of trace elements from the maternal organism to the newborn and to clarify the function and permeability of the placenta for selected trace elements.
Methods

Subjects
Umbilical cord blood ( % 4 mL) from 29 newborns (fam 17a12) was sampled into uncontaminated polyethylene tubes by manual expression. Venous blood ( % 4 mL) from the 29 mothers (aged 27.6 AE 5.2 y), from whom blood samples for medical reasons had to be taken, was simultaneously drawn with polyethylene syringes within 20 min before delivery and immediately transferred to polyethylene tubes. Serum was obtained by immediate centrifugation of blood for 10 minutes at 1800 g at 4 C. The serum samples were transferred into polythylene tubes and kept at 7 20 C, until they were mineralised. Only sera of newborns of healthy mothers who had successfully given birth naturally to a mature baby at the University Maternity Clinic in Maribor, Slovenia in 1996 and 1997 after an uneventful pregnancy were considered. No mother was smoking during pregnacy, although ®ve mothers smoked before pregnancy. Twenty-seven colostrum samples ( % 6 mL) of the mothers (from two mothers no colostrum was available) were collected by manual expression of the breast during the ®rst to the third day after delivery. The breast from which the milk was collected, was cleaned with doubly-distilled water and was air-dried.
Mothers of the newborns had been fully informed about the aim of the investigation and gave their consent to the study.
Mineralisation of serum, colostrum, and milk powder A closed-pressurised, high-performance microwave digestion unit (MLS 1200 MEGA, MLS GmbH, Leutkirch, Germany) equipped with a rotor for ten Te¯on vessels designed for pressures up to 30 bar was used for mineralisations. Aliquots of serum, colostrum ( % 1.5 mL) or milk powders ( % 300 mg) weighed to 0.1 mg were poured into the digestions vessels and mixed with 1.5 mL concentrated HNO 3 puri®ed by sub-boiling distillation in an all-quartz distillation unit and 0.5 mL high purity hydrogen peroxide (30%, Suprapur 1 , Merck) and mineralised under conditions described previously (Domej et al, 1997; . Completely clear, colourless, homogenous digests were obtained and subsequently diluted to 10 mL with high-purity water. (Krachler et al, 1997b; Krachler et al, 1998b and c) .
Quality assurance
Determination of trace elements
An inductively coupled plasma mass spectrometer (VG PlasmaQuad Turbo Plus, VG Elemental Ltd., Winford, UK) equipped with a Meinhard concentric glass nebulizer, a double-pass, Scott-type spray chamber (water cooled, 0 C), and a Gilson Minipuls-3 peristaltic pump was applied to the determination of trace elements. Operating conditions of the ICP-MS instrument and details of the analytical procedure are described elsewhere (Krachler et al, 1996; Krachler et al, 1998b and c) .
Statistical analysis
For the calculations of means, values below the method detection limit were set to zero. The differences of the concentrations of trace elements between umbilical cord and maternal sera was analyzed with Student's two-tailed t test for paired samples. A P-value of`0.05 was considered signi®cant. Data were checked for normality using Statistica for Windows 5.0 (StatSoft Inc., USA) before applying Student's t test. As the concentrations were normally distributed, Pearson correlation coef®cients were used to establish correlations for concentrations of elements between different compartments with Microsoft Excel 5.0.
The 50% quartile of a particular trace element (as reported in Tables 1 to 4) was calculated as the range from the concentration of the 25th percentile to the concentration of the 75th percentile of the distribution. Therefore it is the width of the range about the median that includes 50% of the cases.
Results
Essential trace elements and minerals
The mean, standard deviation (s.d.), median, observed range, and the 50% quartile of the eight essential elements Ca, Co, Cu, Mg, Mn, Mo, Sn, and Zn in colostrum (n 27) are juxtaposed with the reference ranges for these elements in human milk in Table 1 . These ranges of elements in human milk do, however, not consider the lactation period of the collected milk samples. Consequently, whenever available, concentration ranges for colostrum from a previous study with Austrian mothers are added to Table 1 Rossipal et al, 1998a) . Generally, all experimental concentrations corresponded quite well to these reported reference ranges. Table 2 summarizes the mean, standard deviation (s.d.), median, observed range, and the 50% quartile of the eight essential elements in umbilical cord (n 29) and maternal sera (n 29). Moreover, reference ranges for these elements in sera of healthy adults and the statistical difference between maternal and umbilical cord sera concentrations is given. Umbilical cord sera have signi®cantly higher concentrations of Ca (P`0.005), Mn (P`0.05), and Zn (P`0.0001) than the corresponding maternal sera. Based on the median, concentrations of Ca, Mn, and Zn in umbilical cord sera are 120%, 150%, and 148% of the concentrations in the corresponding maternal sera, respecTrace element transfer Mother±Newborn M Krachler et al tively. At delivery the infant serum Cu concentration is signi®cantly lower (P`0.0001), namely only 19% of the corresponding maternal value. For Co, Mg, Mo, and Sn, no statistically signi®cant differences between umbilical cord and maternal sera are found.
All concentrations of the essential trace elements and minerals in umbilical cord and maternal sera are lower than their concentrations in colostrum. The concentration ratios colostrumaserum' (umbilical cord and maternal serum) are approximately one for Co, 1.4 for Mg, two for Ca, Mn, and Sn, ®ve for Cu (maternal serum), eight for Mo, and ten for Zn.
Non-essential and toxic trace elements Analytical results for Ba, Be, Bi, Cd, Cs, La, Li, Pb, Rb, Sb, Sr, and Tl in colostrum are summarized in Table 3 . For most of these trace elements, namely for Ba, Be, Bi, Cs, La, Li, Rb, Sr, and Tl, no reference values for their concentrations in colostrum or generally in human milk can be extracted from the literature. Therefore, concentration ranges of these trace elements found in colostrum in a previous study with Austrian mothers Rossipal et al, 1998a) are included in Table 3 . All elemental concentrations, except for Li, are well within the previously reported ranges of these trace elements in colostrum and, if available, within the given reference ranges for human milk. Concentrations of Li exceed the upper limit of the reference range by a factor of approximately seven.
In Table 4 the results for Ba, Be, Bi, Cd, Cs, La, Li, Pb, Rb, Sb, Sr, and Tl in umbilical cord and maternal sera as well as the reference ranges for these trace elements for serum concentrations of healthy adults are reported. For Ba, signi®cantly lower concentrations and for Be and Rb signi®cantly higher concentrations in umbilical cord sera than in the corresponding maternal sera could be established. Based on the median, maternal sera have concentrations of Ba and Rb that are 182% and 66% of the umbilical cord values. The differences of all other trace element concentrations in maternal and umbilical cord sera are not statistically signi®cant. Concentrations of Cs, La, Sb, and Tl in maternal sera are well within the reference ranges for healthy adults. The highest maternal serum Be, Cd, Li, and Pb concentrations exceeded the upper ranges of the reference ranges by approximately four for Be, Cd, and Pb and for Li by 33.
Generally, all concentrations of the non-essential and toxic trace elements in umbilical cord and maternal sera are lower than in colostrum. The concentration ratios`colostrumaserum' (umbilical cord and maternal serum) are approximately one for Bi, Li, Sb, and Tl, two for La and Sr, three for Cd, four for Cs, Pb and Rb, ®ve for Ba, 18 for Be.
Correlations of elements between different compartments
Correlation coef®cients for trace elements in the three different compartments Ð colostrum, maternal sera, and umbilical cord sera Ð were calculated for pairs of compartments. Table 5 summarises these correlation coef®- b reference ranges for human milk (Caroli et al, 1994) , no speci®cation of the lactation period. c concentration ranges for colostrum from a previous study with Austrian mothers Rossipal et al, 1998a) .
d mature human milk (Deutsche Gesellschaft fu Èr Erna Èhrung, 1991). 1.5 ± 6.7 2.6 ± 4.5 2.7 ± 1.7 2.4 0.6 ± 7.2 1.5 ± 3.1`0.05 0.1 ± 2.9 Mo 0.8 AE 0.3 0.7 0.4 ± 1.6 0.6 ± 0.9 0.7 AE 0.3 0.7 0.3 ± 1.4 0.5 ± 0.9 n.s. 0.58 ± 0.91 Sn 0.7 AE 0.5 0.6`0.3 ± 2.5 0.4 ± 0.9 0.9 AE 0.5 0.7`0.3 ± 2.0 0.6 ± 1.1 n. (Figure 1 ). Weaker, but still strong direct correlations could be determined for concentrations of Ca, Cs, Mg, Mo, and Rb in maternal and umbilical cord sera. The two elements Li and Sr were the only elements whose concentrations correlated strongly between all compartments. For the essential trace elements Cu and Zn, only a weak negative (Cu) and a weak positive (Zn) correlation between maternal and umbilical cord sera could be established ( Figure 2 ). In colostrum and maternal sera Sr, Mo, and Li and in colostrum and umbilical cord sera Rb, Sr, and Li have the highest correlations (Table 5) .
Discussion
One pre-requisite to obtain reliable results for trace elements in human serum and milk includes an analytical instrumentation with very low detection limits. Therefore, inductively coupled plasma mass spectrometry (ICP-MS), a powerful multi-element technique for the simultaneous determination of trace elements, was chosen for the investigations of the trace element transfer from the mother to the newborn. ICP-MS has detection limits for many elements in the low ngaL-range (Krachler et al, 1998d and e) . To prevent interference from the organic matrix, aliquots of sera and milk were mineralised with high-purity nitric acidahydrogen peroxide mixtures in closed Te¯on vessels in a microwave digestor. This mineralisation procedure requires little time, prevents losses of analytes and minimises contaminations (Krachler et al, 1996; Krachler et al, 1998b) . The colourless, homogeneous digests had to be diluted with high-purity water to reduce the concentration (Minoia et al, 1990; Caroli et al, 1994) . b no reliable reference range available. (Caroli et al, 1994) , no speci®cation of the lactation period. b no reference data available, concentration ranges for colostrum from a previous study with Austrian mothers Rossipal et al, 1998a) . (Schramel et al, 1988b ) are similar to our results. To guarantee a suf®cient supply of Ca for the infant, human milk (210 AE 60 mgaL) has twice the concentration of Ca than maternal sera. Interestingly, a weak negative correlation of 0.55 between concentrations of Ca and Cd in maternal sera Ð both elements share common transporters Ð could be established. Almost all umbilical cord and maternal sera have higher concentrations of Co than the upper limit of the reference range for sera of healthy adults. A recent study (Alimonti et al, 1997) reported similarly high median serum Co pre-term newborns, respectively. Co appears to be accumulated in the infant during early infancy. Several facts support this hypothesis: medians of Co increase from umbilical cord sera (0.9 AE 0.6 mgaL) to sera of young infants, specially pronounced by formula feeding (1.7 AE 0.8 mgaL) . However, concentrations of Co in human milk are also considerably increasing during the course of lactation (1.4 mgaL in colostrum to 3.0 mgaL in mature milk) Rossipal et al, 1998a) . This fact may give rise to the elevated serum Co concentrations in early infancy. It is worth stressing, that among the essential elements Co, Cu, Mn, Mo, Se, Sn, and Zn, Co is the only element whose concentrations are increasing in human milk during lactation Rossipal et al, 1998a) . Concentrations of Co in colostrum are similar to the concentrations in the sera and are well within the previously reported ranges (Table 1) .
No correlation between the different compartments and the Co concentration could be established. In an earlier study (Krachler et al, 1997a) , we could establish 10-fold increased plasma Co concentrations in 68 hemodialysed patients (2.05 mgaL, range 1.14 to 3.25 mgaL) caused by clinical treatment. Probably, adults and infants do not have adequate mechanisms of homeostasis developed to prevent elevated serum Co levels. Concentrations of Cu in serum are well known to be age-dependent with low concentrations in early infancy and childhood (705 AE 165 mgaL; age`5 y), exponentially increasing and peaking at an age of 6 to 10 y (1487 AE 159 mgaL), followed by a moderate decrease towards older individuals (1049 AE 273 mgaL; age 22 to 75 y) (Ru Èkgauer et al, 1997). Our results re¯ect these low concentrations of Cu in umbilical cord sera of 400 AE 130 mgaL, are signi®cantly lower than the low end of the reference range for healthy adults (600 to 1370 mgaL). However, serum Cu of the mothers (2030 AE 520 mgaL) is signi®cantly higher than the reference range, indicating a mobilisation of copper in the maternal organism during pregnancy. A recent study gave 388 AE 140 mgaL in umbilical cord plasma of 129 newborns (Lombeck and Fuchs, 1994) . At the age of four months plasma Cu levels of these infants increased signi®cantly to approximately 860 mgaL, independently of the nutrient supplied to the infants (Lombeck and Fuchs, 1994) . Alimonti et al (1997) found medians for Cu in umbilical cord sera of 314 mgaL (range: 101 to 798 mgaL) and 206 mgaL (range: 78.8 to 959 mgaL) for 40 term and 20 pre-term newborns, respectively. A Finnish study (Salmenpera È et al, 1986) reported maternal serum concentrations of 1960 AE 20 mgaL at delivery, decreasing by four months of lactation to the level of nonpregnant women. Thereafter, the concentrations were stable. In infants during exclusive breast-feeding the mean serum concentration of Cu increased with age from 290 AE 7 mgaL in umbilical serum to 1130 AE 60 mgaL at age 12 months (Salmenpera È et al, 1986) . Moreover, this group reports serum Cu concentrations at delivery on average 15% (range 3 to 40%) of the corresponding maternal value, that are in good agreement with 19% found in this study. At 6 to 12 months of lactation the serum concentrations are similar (98 to 105%) to the maternal value (Salmenpera È et al, 1986) .
Concentrations of Cu in colostrum (390 AE 220 mgaL) are similar to the concentrations in umbilical cord sera and decrease signi®cantly during the course of lactation to approx. 150 mgaL Rossipal et al, 1998a) . However, Cu is mobilized in the mother during pregnancy resulting in a 5-fold increase in maternal sera Cu concentrations compared to umbilical cord sera and colostrum. Serum Cu increases during pregnancy up to at least twice the normal concentration of healthy adults (Table 2, Figure 2 ) and decreases to the normal level within two weeks post partum (Schramel et al, 1988b) . Concentrations of Cu in umbilical cord sera reach only 35% of the normal concentration in adults despite the large copper stores of the liver. This results from the low ceruloplasmin in the serum of newborns binding 96% of serum Cu (Schramel et al, 1988b) . Ceruloplasmin cannot penetrate the human placenta. The infant serum Cu did not strongly correlate with the maternal serum or colostrum concentrations (Table 5 , Figure 2 ), as also found by other authors (Salmenpera È et al, 1986) . In 1989, Casey et al (1989) reported Cu concentrations in human milk to be unrelated to intakes of Cu from the diet or a Cu supplement or to maternal levels of Cu and ceruloplasmin. It is likely that there are mechanisms that homeostatically regulate mammary gland uptake of Cu and other trace elements and their secretion in milk (Zavaleta et al, 1994) .
As regards Mg, umbilical cord sera (17.3 AE 2.2 mgaL) have slightly, but not signi®cantly higher concentrations than maternal sera (16.7 AE 2.3 mgaL). In a previous study , we found serum Mg concentrations of 19.6 AE 0.7 mgaL and 21.4 AE 1.9 mgaL in infants fed solely breast milk and infant formula, respectively. The median for Mg in sera of healthy adult controls was 20.1 mgaL, well within the the reference range of 17 to 22 mgaL. These results are in good agreement with generally accepted lower concentrations of Mg in sera of newborns compared to infants and adults (Wissenschaftliche Tabellen Geigy, 1979) . The reference range for healthy adults covers the concentrations in almost all sera (Table 2) . However, some sera had lower concentrations than the low limit of the normal range. Thus maternal sera had only approx. 80% Mg of healthy adults. Serum Mg concentrations of 17.2 AE 3.0 mgaL and 16.9 AE 3.1 mgaL have been demonstrated for 19 newborns and 104 infants on the ®rst day after delivery, respectively (Wissenschaftliche Tabellen Geigy, 1979) . Concentrations of Mg of 38.7 AE 10.5 mgaL in colostrum reported in 1988 (Schramel et al, 1988b) are slightly higher than in our milk samples (30.0 AE 11.2 mgaL). Only a weak positive correlation between concentrations of Mg in umbilical cord and maternal sera, but no correlation between colostrum and maternal sera could be found (Table 5) .
Serum concentrations of Mn are distinctly higher in umbilical cord sera (3.6 AE 1.3 mgaL) than in the sera of the mothers (2.7 AE 1.7 mgaL). Most of the maternal serum Mn concentrations are well within the reference range for healthy adults, many umbilical cord sera exceed this range (Table 2) . Our ®ndings are in good agreement with two recent studies, one of which establishing a 54% decrease in serum Mn concentrations of the initial value of 2.1 AE 0.8 mgaL at age`6 months over the ®rst 18 years of life (Ru Èkgauer et al, 1997) . The other study (Alimonti et al, 1997 ) also reports elevated umbilical cord serum Mn concentrations in 40 term newborns (median: 2.20 mgaL; range: 0.60 to 2.80 mgaL) and 20 pre-term newborns (median: 1.40 mgaL; range: 1.00 to 2.80 mgaL) compared to healthy adults. The higher concentration of Mn early in Trace element transfer Mother±Newborn M Krachler et al life could be due to liver immaturity, since in adults the liver very ef®ciently extracts Mn from blood (Ru Èkgauer et al, 1997) . The 2-times higher concentration of Mn in colostrum compared to sera and the elevated serum Mn concentrations in newborns suggest an active transfer of Mn in the mammary gland and in the placenta. However, no correlation between Mn concentrations in mothers and newborns could be established.
For Mo, data for its concentration in sera of newborns are scarce. Only one recent study summarised a median for Mo in umbilical cord sera of 0.80 mgaL (range: 0.40 to 1.60 mgaL) for 40 term newborns and a signi®cantly (p`0.001) higher median of 1.00 mgaL (range: 0.65 to 1.85 mgaL) for 20 pre-term newborns (Alimonti et al, 1997) . Umbilical cord serum Mo in our newborns (0.8 AE 0.3 mgaL) are in good agreement with the data given by Alimonti et al (1997) . Concentrations in sera of mothers ( % 0.7 mgaL) are very similar to that found in umbilical cord sera and most of the results are within the reference range (Table 2 ). Approximately 10-times higher concentrations are found in colostrum, not correlating with maternal and umbilical cord sera.
Concentrations of Sn in all sera are ranging from`0.3 to 2.5 mgaL and do not differ signi®cantly from each other. Reliable reference data about serum Sn concentrations are not available so far. Colostrum has approx 2-times higher concentrations of Sn than maternal and umbilical cord sera.
For Zn, concentrations in umbilical cord sera (930 AE 220 mgaL) are 48% higher than in the corresponding maternal sera. Serum Zn in the mothers (650 AE 180 mgaL) is at the low end of the reference range for healthy adults. These low serum zinc concentrations might be the results of a low Zn intake in Slovenia because in a previous study involving healthy Slovenian subjects a median of 490 mgaL could be established Rossipal et al, 1998b) . The increased Zn concentrations in the serum of Slovenian mothers compared to Slovenian adult references suggests a mobilisation of Zn during pregnancy. In a recent study, Frkovic et al, (1996) quanti®ed 1180 AE 210 mgaL in 42 samples of umbilical cord plasma. Another study reported umbilical cord plasma Zn levels of 928 AE 203 mgaL decreasing by four months of age to 725 AE 112 mgaL in formula-fed infants, to 807 AE 108 mgaL in hypoallergenic-fed infants, and to 794 AE 113 mgaL in breast-fed infants (Lombeck and Fuchs, 1994) . Alimonti et al (1997) published a median of 920 mgaL (range: 390 to 1290 mgaL) and a median of 918 mgaL (range: 618 to 1192 mgaL) for term and pre-term newborns, respectively. Serum Zn of 608 AE 13 mgaL and 719 AE 13 mgaL for 36 ill and 38 healthy mothers have been reported (Zavaleta et al, 1995) . Colostrum of ill mothers had 1569 AE 78 mg ZnaL and 1327 AE 59 mg ZnaL were found for healthy mothers. Concentrations of Zn in human milk appear to be unrelated to plasma levels, which are lower than that of milk immediate post partum but may be higher in later lactation (Casey et al, 1989) . In our study concentrations of Zn in colostrum are approximately 10-times higher than in umbilical cord sera. However, Zn concentrations in mothers and in newborns correlated very weakly (Figure 2 ).
Non-essential and toxic elements
Concentrations of Ba in umbilical cord sera (1.1 mgaL) are signi®cantly lower than in maternal sera (2.0 mgaL). Unfortunately, no reliable reference ranges for Ba in serum are available. A`reference range' of 80 to 400 mg BaaL plasma reported in 1994 (Caroli et al) seems to be much too high. Most probably, the plasma has been contaminated with Ba by addition of the anticoagluant heparin to avoid clotting of the blood. Heparin is known to contain between 2.5 to 12 mg Baakg (Caroli et al, 1994) . Approximately ®ve-times higher Ba concentrations than in umbilical cord and maternal sera are found in colostrum. Interestingly, all Ba concentrations in colostrum and in the sera have a very high biological variability indicated by the broad range of concentrations observed, therefore resulting in high standard deviations (Table 3) .
Most Be concentrations in the maternal sera are within the reference range for healthy adults. Umbilical cord sera have higher Be concentrations. An 18-times higher concentration of Be in colostrum than in maternal sera could be found. No reference ranges for Be either in sera or in human milk could be extracted from the literature.
As regards Bi, all serum and colostrum concentrations are between`0.09 to 0.3 mgaL and`0.09 to 0.7 mgaL, respectively. No reference range for serum Bi concentrations can be found in the literature. For whole blood 0.1 to 0.8 mg BiaL are considered to be normal (Minoia et al, 1990; Caroli et al, 1994) .
For Cd, concentrations in umbilical cord sera and in sera of mothers are approx. 0.3 mgaL, showing no signi®cant differences between the two sample groups. Most of the Cd concentrations are within the normal range for healthy adults (Table 4) . Our results are in good agreement with data given Alimonti et al (1997) reporting a median of 0.25 mgaL (range: 0.05 to 0.90 mgaL) and 0.10 mgaL (range: 0.05 to 0.70 mgaL) for Cd in 40 term and in 20 pre-term newborns, respectively. Colostrum Cd concentrations are approximately 3-times higher than the concentrations in the sera. Distinctly higher whole blood Cd concentrations of 1.9 AE 1.1 mgaL and 1.1 AE 0.4 mgaL have been reported for mothers (N 27) and their newborns (n 17), respectively (Schramel et al, 1988a) .
Concentrations of Cs in sera range from 0.3 to 1.8 mgaL and show no difference between maternal and umbilical cord sera. All values are well within the reference range of 0.11 to 5.2 mgaL for healthy adults. A strong positive correlation between serum Cs concentrations in umbilical cord and maternal sera could be established (Table 5) . Concentrations of Cs in colostrum are 4-times higher and correlate with the concentrations in umbilical cord sera.
Serum La concentrations in all sera range from`0.05 to 0.1 mgaL, somehow lower than the indicative value of less than 1 mgaL (Table 4) . Concentrations in colostrum range from`0.05 to 1.1 mgaL.
Concentrations of Li in sera are characterised by a very high variability in the different sample groups leading to the high standard deviations in Table 4 . Medians of Li are 0.6 mgaL and 0.8 mgaL in umbilical cord and maternal sera, respectively. Concentrations of Li in these two compartments have a correlation coef®cient of 0.98 (Table 5) . Most of the serum Li concentrations are between one and two mgaL, although signi®cantly higher concentrations of ®ve to 10 mgaL are found (Figure 1) . Concentrations of Li in umbilical cord sera of term newborns (median: 0.50 mgaL; range: 0.20 to 1.80 mgaL) and pre-term newborns (median: 0.50 mgaL; range: 0.15 to 1.90 mgaL) coincide substantially with our values (Table 4 ). The very narrow reference range of 0.29 to 0.31 mg LiaL for healthy adults seems to be questionable. As Li is transported through the same chanTrace element transfer Mother±Newborn M Krachler et al nels as Na throughout the body, after ingestion of Li via diet, concentrations of serum Li can increase rapidly. The toxic element Pb, re¯ecting environmental exposure to this element, has its lowest values in the most unexposed subjects, in the umbilical cord sera (median: 0.4 mgaL). Medians of Pb in the maternal sera are twice the concentrations in the umbilical cord sera (Table 4) . However, colostrum still has 4-times higher concentrations of Pb than maternal sera. Schramel et al (1988a) reported almost identical concentrations of Pb in whole blood of mothers (39 AE 14 mgaL) and in umbilical cord blood of their newborns (30 AE 16 mgaL, n 17). Strong correlations between the concentrations of Pb in maternal blood and in umbilical cord blood could be established, suggesting that the placenta has no major ®ltering effect for Pb (Schramel et al, 1988a; Schumacher et al, 1996) . Elevated concentrations of Pb reported in umbilical cord sera of term newborns (median: 1.78 mgaL, range: 0.30 to 3.40 mgaL) and preterm newborns (median: 1.75 mgaL, range: 0.40 to 3.40 mgaL) may be caused by the fact that all mothers included in this study were urban residents (Alimonti et al, 1997) . Schumacher et al (1996) discussed a mobilisation of Pb from maternal bones that can be transferred to the fetus and might contribute to increase the fetal lead concentrations.
Although almost all serum concentrations of Rb are well within the reported reference range of 150 to 560 mgaL for healthy adults, distinct differences between maternal and umbilical cord sera can be observed. Serum Rb in newborns (320 AE 120 mgaL) is signi®cantly higher than in maternal sera (200 AE 60 mgaL) and correlates quite well (Table 5) . Colostrum has 4-times higher Rb concentrations than maternal sera. Alimonti et al (1997) found signi®cantly (P`0.001) higher Rb concentrations in term newborns (median: 413 mgaL; range: 200 to 552 mgaL) compared to pre-term newborns (median: 241 mgaL; range: 145 to 486 mgaL).
Interestingly, the reference range for serum Sb is spanning two orders of magnitude. Some serum Sb concentrations in newborns still exceed the upper limit of this broad reference range, whereas the concentrations in the sera of the mothers are within this range (Table 4) . Concentrations of Sb in colostrum, ranging from`0.36 to 1.4 mgaL, are well within previously published ranges . However, most of the concentrations in maternal and umbilical cord sera as well as in colostrum are at or below the method detection limit of 0.36 mgaL. These ®ndings are in good agreement with the results of a recent study reporting medians of 0.20 mgaL (range: 0.10 to 1.70 mgaL) and 0.20 mgaL (range: 0.20 to 2.00 mgaL) for Sb serum concentrations in term and pre-term newborns, respectively (Alimonti et al, 1997) .
Regarding Sr, maternal and umbilical cord sera have concentrations lower than the low limit of the normal range of 28 to 44 mgaL. Compared to sera, colostrum has 2-times higher concentrations of Sr. Strong positive correlations between concentrations of Sr in all compartments could be found, therefore indicating that the placenta is no barrier for Sr (Table 5 ). The best correlation was found between maternal and umbilical cord sera (Figure 1) .
Concentrations of Tl in the sera of newborns and mothers are very low and at the method detection limit of 0.08 mgaL, but still in the middle of the given reference range for healthy adults (Table 4) . Colostrum has very low TI concentrations ranging from`0.08 to 0.3 mgaL, somewhat lower than a previously reported range .
Conclusions
Concentrations of the essential elements Ca, Mn, and Zn in umbilical cord sera are signi®cantly higher than in maternal sera. Therefore, it is most likely that for Ca, Mn, and Zn an active transport mechanism for the transfer of these elements from the mother to fetus exists. The same holds true for Rb. The mobilisation of Cu in mothers during pregnancy leads to 2-fold higher maternal serum Cu concentrations compared to healthy adults. Umbilical cord sera values amount only 20% of that of the mothers, providing 51 mg Cuakg body weight daily to be accumulated by the human foetus (Aggett, 1994) . The high correlation coef®-cients for concentrations of the alkaline elements Li and Cs in umbilical cord and maternal sera, which have Na and K as neighbors in the periodic table of the elements, suggest that Li and Cs follow concentration gradients, so does Sr.
More detailed information regarding the trace element transfer from the mother to the newborn can be derived from the simultaneous quanti®cation of trace elements in arterial and venous umbilical cord sera. By splitting umbilical cord sera into its arterial and venous components, no models for the estimation of the element transfer are necessary. Based on the well-known¯ow rates of blood within the placenta and the differences of the concentrations of a particular element in arterial and venous umbilical cord sera enable mass balances for each element. A part of these investigations have already been performed (Krachler et al, 1999) , shedding more light on the transfer of trace elements from the maternal organism to the foetus perinatally.
